Plants are able to sense external mechanical stress, such as those due to gravity or obstacles, and alter their growth accordingly [1] [2] [3] [4] [5] [6] [7] [8] . Like animals [9, 10] , plants can also sense internal mechanical stress that plays a role in regulating their development [11] [12] [13] [14] [15] [16] [17] [18] [19] . The internal mechanical stresses also known as tissue stress can result from geometry, cell type, or differential growth [19] [20] [21] . In a number of tissues, microtubules have been observed to align with mechanical stress predicted from their geometry. In the unidirectionally growing hypocotyl, the predicted tissue stresses do not reflect its cylindrical geometry. The epidermal layer experiences and resists the tensile stress coming from the expansion of the inner layers [22, 23] ; this is known as the epidermalgrowth-control hypothesis. Here, we use our recently developed automated confocal micro-extensometer (ACME) [24] to apply relative compressive or tensile stresses to the intact Arabidopsis hypocotyls while monitoring growth and microtubule orientation in the different layers. A finite element model revealed that under relative tension, the pattern of tissue stresses was similar to that in the intact growing hypocotyl, while when relative compression was applied, the pattern of tissue stresses was overcome and the maximum stress direction in the epidermis changed to reflect what one would predict based on the geometry of the hypocotyl. Consistent with this, the microtubules in the epidermis changed orientation under relative compression. Once the direction of stress in the epidermis was altered, the growth of the organ increased.
RESULTS

Microtubules Reorient around a Wound in Arabidopsis Hypocotyls
To investigate the response of microtubules in the different cell layers to mechanical stress and to measure growth responses, we used the Arabidopsis hypocotyl. Microtubule rearrangements in response to tensile stress have been observed previously in epidermal peels of dark-grown sunflower hypocotyls [25] ; however, live monitoring of microtubule orientation was not possible in this system. We confirmed the validity of studying microtubule responses to mechanical stress in light-grown Arabidopsis hypocotyls by repeating experiments conducted in meristems and cotyledons in which microtubules were observed to reorient around a hole or a cut [26] [27] [28] [29] [30] . We made ablations in hypocotyls 3 to 5 days after stratification (DAS) expressing the microtubule marker 35S::GFP-MBD. The hypocotyls were imaged immediately after the ablation ( Figure 1A ) and 18-24 hr later ( Figure 1B ). The microtubule orientation was measured using FibrilTool [31] . Microtubules were observed to reorient around the holes in a manner comparable to that reported in other tissues. We concluded that the Arabidopsis hypocotyl is a suitable model in which to study microtubule response to mechanical stress and that microtubules near the outer wall can respond to changes in the orientation of stress.
Determining a Relevant Magnitude of Force in the Arabidopsis Hypocotyl
To investigate the response of microtubules to mechanical stress, it is desirable to be able to apply a specified magnitude of stress directly to the sample while observing it. Previous experiments have applied stress in a number of ways. Microtubules reoriented in meristems clamped with 0.1 N of force [30, 32] and in response to 10-mm indentations, but not 2-mm indentations, of 1-3 mN [33] . They also reoriented when compressed under a glass slide or Petri dish [34, 35] . Reorientations were not observed in sunflower epidermal peels loaded with 5 g [36] ; when loaded with 1 g (0.01 N), the microtubules reoriented away from the longitudinal in situ orientation, and when loaded with 10 g (0.1 N) became more aligned in the longitudinal direction [25] . The response thus depends upon the tissue, the amount of force, and the direction in which it is applied.
To determine the amount of stress to apply to light-grown Arabidopsis hypocotyls, we estimated the stress in the cell walls due to turgor pressure using the recently developed automated confocal micro-extensometer (ACME) [24] . ACME has two plates that the sample is attached to ( Figure 1C) . One of these plates moves using a nanopositioner. It is connected in a feedback loop to a load cell that measures force. ACME can, therefore, be used to measure or apply forces to the sample. To measure the force required to maintain the seedling at its turgid length once turgor was removed, the sample was held in position and plasmolysed. After attaching the sample to the plates, it was held in a fixed position until the force stabilized ( Figure 1D ). Confocal images were used to visually confirm that the cells were turgid ( Figure 1E) . A saturated solution of NaCl was then added to plasmolyse the cells quickly. Once the force was stable, the cells were imaged again and confirmed to be visibly plasmolysed (Figure 1F) . The difference between the force in the turgid seedling and the plasmolysed state was measured. The average measured force was 1.5 mN (±0.48 SD, n = 7 independent seedlings). This force is equivalent to a wall stress of 0.4 MPa assuming cell wall accounts for 8% of the cross-sectional area of the hypocotyl as estimated from transmission electron microscopy (TEM) sections [24] and similar to the results reported for meristems [33] and hypocotyls [20] . We concluded that 1-2 mN constitutes a physiologically relevant magnitude of force for use in further experiments.
Simultaneous Measurements of Mechanical Stress and
Microtubule Alignment Can Be Conducted in Live Tissues Using ACME To quantify the response of microtubules to mechanical stress, we first confirmed that we could observe microtubules in seedlings for up to 24 hr inside the ACME setup without loss of tissue viability. The samples were attached using medical adhesive (see STAR Methods) and held in a fixed position for 24 hr. During this time, the hypocotyls built up compressive forces (2.3 mN ± 0.1, n = 3) over 24 hr as they tried to expand ( Figure 1G ). The hypocotyls were initially straight ( Figure 1H ) but buckled during the experiment ( Figure 1I ). The microtubules were aligned with the axis of the plant at the start ( Figure 1J ) but reoriented closer to 90 as the experiment progressed ( Figure 1K ). This experiment confirmed the range of relevant forces that was determined earlier and showed that the sample could be kept alive for 24 hr while microtubule orientation was monitored. However, as the sample buckled out of the plane, this type of experiment does not serve as a useful control for further experiments.
Next, the plates of ACME ( Figure 1C ) were set to adjust so that the sample was maintained at zero force for 24 hr. Before the experiment, the sample was attached and held in position for 10-20 min to allow it to stabilize. During this time, the sample tried to expand as measured by the buildup of a compressive force. Upon initiation of the experiment, the samples continued to expand as seen by the position of the robot ( Figure 1L ). The cells continued to express GFP, and the microtubules continued to move (Video S1); i.e., the samples were alive and well. Thanks to the adjustment of the plates, no buckling occurred. We conclude that our experimental setup is suitable for analyzing microtubule orientation while maintaining or measuring forces. 2B , and S1A-S1E), (2) a tensile force of 1 mN (Figures 2C , 2D and S1F-S1L), or (3) a compressive force of 1 mN ( Figures 2E, 2F , and S1M-S1S) for 16-24 hr using ACME. During this time, the hypocotyls were imaged every 4 hr, and the orientation of the microtubules was quantified. In all cases, the cells remained visibly turgid, and thus, all of the individual cell walls were still experiencing tension due to turgor pressure. The compression and tension are therefore relative to the stress in the tissue [25] . The microtubule data were transformed to be between 0 and 90 (see STAR Methods), where 0 is parallel to the longitudinal axis of the hypocotyl. At the start of the experiments, the microtubules tended to be longitudinal in the epidermis, with few cells (20%-40%) having microtubules oriented at 90
( Figures 2G-2I ). At the end of the experiment, the average orientation was not significantly different from the initial state in the samples held at zero force ( Figure 2G ) and under tension ( Figure 2H ). Samples held under compression had a significantly different orientation at the end of the experiment compared to the start ( Figure 2I ). As the microtubules are dynamic and their orientation is variable ( Figure S1 ), we classified each cell as having an angle closer to 0 , 45 , or 90 , and the percentage of cells with each angle was computed per time point per sample. Cells with no clear orientation were excluded (see STAR Methods). We computed the maximum percentage of cells with microtubules at 90 ; i.e., perpendicular to the stress direction ( Figure 2J ) at any time during the experiment. We found that samples held under compression had a significantly higher percentage of cells with microtubules closer to 90 (47%) compared to samples held under tension (17%).
Next, we applied tension and compression to the same hypocotyl sequentially ( Figure S2 ). First, a 1-mN compressive force was applied ( Figure 2L ), then a tensile force of the same magnitude ( Figure 2M ). In this case, the microtubules reoriented in response to the relative compression as before, then reoriented again in response to the tensile force by becoming parallel to force direction ( Figures 2K-2M ). The average microtubule angle was significantly different when the hypocotyls were under tension compared to when they were compressed ( Figure 2N ). This result is consistent with the observations in the rapidly growing dark-grown sunflower epidermal peels, where the microtubules that were initially transverse became longitudinal in response to tension [25] .
Microtubule Orientation in the Internal Layers
Previous studies have found that microtubule orientation is different in the different layers and even on the different faces of the same cells in the epidermis [37, 38] . We measured microtubule angle in six samples before the start of the experiment in three locations: near the outer and inner walls of the epidermis, and near the outer wall of the cortex ( Figure 2O ). In the majority of cells in the inner cortex layer, the microtubule arrays were transversely oriented. In the epidermis, the cells showed a mixture of orientations near the inner epidermal wall. Near the outer wall, there was also a mixture of orientations, but more cells had microtubules that were longitudinally aligned. The orientation of microtubules was consistent with reports of microtubule orientation in previous studies of slow-growing lightgrown hypocotyls of this age [37] but differed from observations made on rapidly growing dark-grown tissues [38] , where the inner epidermal walls have transversely aligned microtubules.
To determine if there was a difference in response to the stress in the different layers we compared the orientation of the microtubules in the different layers during the treatments. The orientation was measured at an early time point (4-8 hr), when the maximum reorientation was observed ( Figures 2P-2R) , and a later time point (16-24 hr) ( Figures S4A-S4C ). The orientations near the outer epidermal wall ( Figure 2P ) were as reported in Figures 2A-2J . The orientations near the inner wall of the epidermis ( Figure 2Q ) were more variable and had a mixture of orientations; microtubules near the inner epidermal wall did not show the high level of organization seen in the dark-grown seedlings [38] . There was a significant increase in the percentage of cells, with microtubule arrays at 90 near both epidermal walls when the samples were under relative compression versus relative tension. The maximum orientation in the cortex layer remained at 90 in all treatments ( Figures 2R and S4C ). In conclusion, microtubules near the epidermal wall reoriented in response to a physiologically relevant magnitude of relative compression being applied ( Figures 2E, 2F , 2I, and 2J) or when growth was constrained ( Figure 1K) ; this was most prevalent near the outer epidermal wall (Figures 2P-2R ). However, significantly from each other in terms of the maximum percentage of cells with microtubules at 90 (compression = 49% ± 5 SEM, tension = 17% ± 5 SEM, p = 0.0013). Neither treatment differs significantly from the zero treatment (34% ± 5 7.6 SEM, n = 5).
(K-M) Four 3-to 5-DAS seedlings were held under 1 mN compression for 6-10 hr, then 1 mN tension for 10 hr. The average microtubule angle was found per cell every 4 hr. For the same sample, we computed the microtubule angles before the start of the experiment (K), during compression (L), and during tension (M).
(N) The mean microtubule angle was computed per sample at the start of the experiment and when it was held under compression and tension. The microtubule angle differs significantly when the sample is under tension (31 ± 1.9 SEM, n = 13 measurements from four independent samples) versus compression (51 ± (legend on next page) microtubules in the epidermis did not respond to the same magnitude of force when it was applied in the opposite direction as relative tension. This is likely due to the microtubules already being longitudinally aligned in our system prior to application of mechanical stress, while in the sunflower, the microtubules were transversely aligned. These results may be due to the application of relative compression changing the maximum direction of stress in the epidermis, while the application of relative tension may not [39] .
Modeling Tissue Stress Changes in Response to Application of Stress
In order to determine if microtubules were responding to changes in the direction of stress in the tissue, we constructed a simplified model of the hypocotyl. While in the meristem, the microtubule's orientation near the outer epidermal wall correlates with the stress patterns predicted from its geometry [30] ; this is not the case for the hypocotyl. If the hypocotyl were to behave as a pressurized cylinder, the principal stress direction would be circumferential. Instead, the inner layers of the hypocotyl are thought to exert a longitudinal tension on the outer epidermal layer(s). As a result of this tissue stress, the outer layers shrink in length while the inner layers expand if the layers are separated [22, [40] [41] [42] . The circumferential microtubule orientation in cells in the cortex and the longitudinal orientation of the microtubules in the cells of the outer wall of the epidermis, prior to experimentation, thus correlated well with the maximal tensile stress directions predicted to exist in the hypocotyl ( Figure 2O ). We constructed a minimal finite element model in order to better understand the result of applying external stress to the hypocotyl. Our model has three layers: two inner cell layers that represent the cortex and an outer layer that represents the epidermis ( Figures 3A and 3B ). We first defined the layers to have uniform isotropic material properties and an equal pressure in all layers (see STAR Methods). In this case, the direction of maximum inplane stress is circumferential, as predicted from the geometry ( Figure 3C ). Next, we specified the inner layer to be anisotropic and to have a higher pressure compared to the outer epidermal layer. These parameters resulted in a model of the hypocotyl that expanded in length when pressured ( Figure 3D ). The direction of maximal tensile stress in the inner layers was in the circumferential direction. Consistent with the established ideas of the stress patterns that exist in hypocotyl-like organs, the outer layer had maximum tensile stress in the longitudinal direction. The model was fixed at the base in the longitudinal direction. The stress pattern predicted by our model matched the orientation of microtubules that we observed in the different layers prior to stress application ( Figure 2O ). We determined that the epidermis displays longitudinal stress rather than circumferential stress when the inner layers have a higher pressure and the elasticity in the longitudinal direction is higher-i.e., a lower elastic modulus compared to the outer layer ( Figure S3F ). While it has not been possible to measure turgor pressure in the inner layers of Arabidopsis hypocotyls, radial pressure gradients have been measured in other species and, consistent with our model, show higher pressure in the inner layers compared to the outer layers [43] . We simulated our biological experiments by specifying a displacement at the model's variable boundary ( Figure 3A , orange arrows). The zero-force condition was taken to be the one described above, where the bottom of the modeled hypocotyl was secured and the rest of the model was allowed to expand. The tension condition was simulated by specifying a displacement of the top 1.5 times larger than that which was observed in the zero-force simulation ( Figure 3E ). The compression experiment was achieved by only allowing the hypocotyl to expand by 0.6 times as much as in the zero-stress condition when pressurized ( Figure 3F) . We compared the direction of maximum tensile stress in these different conditions. In the applied tension condition, the maximum tensile stress direction was the same as in the zero-stress condition, with the maximum-stress direction aligning with the direction of expansion and the inner maximum-stress direction being circumferential (Figures 3D-3E) . In the applied compression condition, the direction of maximal tensile stress in both the inner and outer layers was circumferential ( Figure 3F) , similar to what is seen in the isotropic state ( Figure 3C ). The model predicts that the maximum direction of tensile stress in the inner layers should remain circumferential in all of the experiments. The results of these simulations were consistent with the microtubule orientations that we observed in the different layers of the hypocotyl. In conclusion, the microtubules showed an increased tendency to align with the direction of maximum tensile stress. By applying relative compression, we changed the stress pattern in the tissue to resemble those that one would predict for a pressurized cylindrical organ. When extra tension was applied, the distribution of stress remained similar to the stress distribution under normal growth conditions, so there was no significant change in microtubule orientation. Not all cells had microtubule arrays that aligned with the predicted maximum tensile stress direction, suggesting that local differences in geometry and growth A) A finite element model was constructed in Abaqus to simulate the tissue stresses in the hypocotyl. A simplified axis-symmetric geometry was used. The model was constrained at the base and pressurized. At the top, there is a variable boundary (orange arrows) that is used to stretch or compress the sample. The inner walls represent the cortex and the outer walls the epidermis; the different layers can be assigned different material properties and different pressures.
(B) The model can be visualized as a cylinder. To avoid the influence of the boundary and top, we only consider the microtubule orientation in the center (square box). (C-F) The results of the simulation showing the direction of maximum (red) and minimum (yellow) tensile stress, including a zoomed-in-view square box. The outer layer is colored green, and the inner is blue. (C) The material was initially defined to be isotropic. The maximum tensile stress direction (red) is in the circumferential orientation. (D-F) The inner layer was defined to be anisotropic with an elastic modulus that is ten times lower in the longitudinal direction while the epidermis remained isotropic. The pressure in the inner layer was set to be four times higher than the pressure in the outer layer. (D) The model was allowed to expand. The maximum stress direction is circumferential in the inner layers and longitudinal in the outer layer. (E) The variable boundary was specified to displace in the longitudinal direction 1.5 times more than when unconstrained. The orientation of stresses was the same as for the unconstrained model. (F) The simulation was restricted to only 0.6 times as much as the unconstrained model in the longitudinal direction. The maximum direction of stress in both layers was circumferential. See also Figure S3 and Video S2. rate also play a role in determining their orientation, as shown previously [29, 33, 37, 44] . Consistent with this, we observed that the microtubule response was greater in the first 12 hr and then diminished ( Figures S4A-4C) as the hypocotyls changed their growth.
Hypocotyl Strain in Response to Compressive Forces
To relate microtubule orientation to hypocotyl strain, the strain was measured in the same hypocotyls as in Figures 2A-2F and S1 in the same patch of cells that was used to quantify microtubule orientation. Positive strain, i.e., growth, was observed in all samples ( Figure 4A-4C) , including those held under relative compression. This is likely due to the compressive force applied (1 mN) being less than the force that we found was needed to prevent the sample from growing ( Figure 1G) . We interpolated the strain in between images and compared the strain in the different treatments after 16 hr ( Figure 4D ). The samples held under relative compression showed more strain after 16 hr (17.7% ± 2.4 SEM, n = 7) compared to samples held at zero force (5.2% ± 1.6 SEM, p = 0.002, n = 5) and seedlings held under relative tension (10.0% ± 3.0 SEM, p = 0.07, n = 7), which did not differ significantly from each other. We concluded that seedlings responded to relative compression by increasing their growth.
As not all hypocotyls behaved in the same way, we compared the microtubule orientation and strain of the individual samples ( Figures 4E, S4D, and S4E) . Most of the hypocotyls (6/7) held under tension had relatively low strain and few cells with a microtubule angle close to 90 ( Figure S4D ). Of the samples held under compression, five showed a high amount of strain during the time frame of the experiment ( Figure 4E ). Of these five seedlings, four had a higher percentage of cells with microtubules at 90 . The two samples that did not show high strain had fewer cells (<50%) with microtubules at 90
. One sample had similarly few cells at 90 but showed high strain. The samples held at zero force were intermediate in their behavior. We conclude that seedlings held under compression increase their growth rate. This response correlates with a prior reorientation of microtubules parallel to the maximal tensile stress direction.
DISCUSSION
Morphogenesis requires cell walls to expand in a precisely controlled manner. This is regulated by cell-wall extensibility and the stresses that act upon them [13, [45] [46] [47] [48] [49] . Mechanical feedback loops have been proposed to regulate organ size in sepals [13] and Drosophila wing discs [19] . Also, leaves were found to alter their mechanical properties in response to externally applied stress in order to return their growth rate to the pre-stressed one [15] . Under normal conditions, the internal layers of the growing hypocotyl resist the circumferential stress, promoting longitudinal growth.
In slow-growing 3-to 5-day-old light-grown Arabidopsis hypocotyls, the epidermis tends to restrict elongation by resisting longitudinal tensile stress [22] . Using our finite element model, we found that applying additional tension had little impact on the distribution of stress; meanwhile, restricting expansion resulted in a switch in the maximum stress direction in the epidermal layer. Consistent with this, we observed a significant change in the orientation of microtubules in the epidermis when relative compression was applied. Hypocotyl elongation did not significantly change in response to relative tension; however, in response to relative compression, elongation growth was promoted. Although the mechanism is not yet clear, switching the status of the epidermis from sensing a longitudinal stress to sensing a circumferential stress could promote growth by changing the orientation of cellulose deposition [50, 51] , by altering in the activity of cell-wall integrity sensors [52] , and/or by induction of hormonal pathways. The pattern of tissue stresses in the growing hypocotyl thus primes the organ to sense and respond to compressive forces but makes it less able to sense additional tensile stresses. Sensing compression may be more relevant to the growth environment of the hypocotyl as it pushes through the soil.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
35S::GFP-MBD line [30] was used for microtubule visualization and was a gift from the from the Hamant lab.
METHOD DETAILS
Plant growth conditions and imaging Seeds were surface sterilized and sown on MS medium (4.4gL -1 Murashige and Skoog salts (Sigma), 0.5 gL -1 4-morpholineethanesulphonic acid (Sigma), 0.8% agar, pH 5.7). Plants were imbibed in the dark at 4 C for two or three days then grown in controlled environment chambers (18hr 100 mE light at 22 C). Samples were stained with 0.1% propidium iodide to stain cell walls for visualization of plasmolysis and to determine when cells had been ablated. Images were acquired using a LEICA SP5 with an HCX APO L 20x/0.5 W objective and a Leica HyD hybrid detector. GFP was excited using a 488 nm laser and detected at 490-540 nm. The laser power was maintained as low as possible. For microtubules imaging, a z-step of 0.4-0.5 mm was used, with a scan speed of 200 Hz and no scan averaging. Ablations were made using a 405 nm ablation laser set to 100%. The cells were pulsed until PI was seen to enter the cell.
Model
The finite element method simulations were performed in Abaqus/CAE 6.12-1 standard/explicit. The hypocotyl was modeled as an axisymmetric deformable wire part (Video S2). Standard linear axisymmetric triangular shell elements of type SAX1 were used. The mesh size was selected to generate approximately 1000 elements (model files are available here https://github.com/ ACME-Robinson/Hypocotyl-Abaqus-model/tree/master/ModelInputFiles). The solution was found using a single iteration of the Abaqus static analysis method, which uses a linear equation solver. We used the linear transverse orthotropic material law to describe the elastic properties of the cell wall. Orthogonal materials were used with three elastic moduli, three shear moduli and three Poisson's ratios as in [54] . The isotropic model had elastic moduli of 0.02 GPa based on a 10% strain being observed for a five mN load being applied to hypocotyls of 200 mm diameter with 8% of the cross-section occupied by cell wall [24] . The pressure was set at 0.5 MPa. The inner layer was defined with elastic moduli of 0.001, 0.02 and 0.02 GPa in the longitudinal, circumferential and radial direction, and 0.5 and 0 as the shear modulus and Poisson's ratio in all directions. The outer wall was isotropic with an elastic modulus of 0.02 GPa and the same shear modulus and Poisson's ratio as the inner layer. The material at the top of the hypocotyl was set to be REAGENT ten times thicker to mimic the hypocotyl being attached to the aerial parts of the plant, and the inner layers being unable to bulge out. The shell was otherwise of uniform thickness and had homogeneous material properties. The base of the structure was fixed in the longitudinal direction. The pressure in the inner compartments and the top section was set to 2 MPa and 0.5 MPa in the outer layer. A reference point was positioned at the top of the cell layer to output the displacement. This displacement value was used to compute the constraint to apply to the tension and compression simulations which we set at 1.5 and 0.6 times the unconstrained displacement. We confirmed this model was not an artifact of the geometry by making another model without the cross walls and were able to see the same distribution of forces, hence confirming its plausibility (Figures S3A-S3E) . The model without cross walls had similar parameters, but the cross walls were removed. The result was robust to changes in the parameters but required an anisotropic core that is more elastic in the longitudinal direction and a higher internal pressure compared to the outer layer ( Figure S3F and https://github.com/ACME-Robinson/Hypocotyl-Abaqus-model/blob/master/parameters.csv).
Mechanical stress application ACME [24] was used for the stress application. The target force of zero, 1 mN or -1 mN was specified. Prior to sample loading the zero force is set and the plate open. Samples were attached using tough tags with the addition of medical adhesive (7730, Hollister) as in Bringmann et al. [12] . The position was held and the force recorded to check sample health. The force was then adjusted continuously to maintain the target force for up to 24 hours. During this time images were acquired every four hours (Video S1).
Calculating cell wall stress
The ACME plates were held at a constant position, and the force was measured continuously. Images were collected to check for plasmolysis. The force measurements were read directly from the ACME generated csv file, which contains force, time, and position measurements. The hypocotyl width was measured from max projections in ImageJ.
Microtubule image analysis
Snapshots of the z stacks were taken in MorphoGraphX [53] as png images. Microtubule orientation was found in Fiji using Fibriltool [31] , which was modified slightly to allow different drawing options. In order to aid visualization cells were classified as having an average microtubule angle closer to 0 (0-30), 45 (30-60) or 90 (60-90) relative to the axis of the plant, and direction of stress. The percentage of cells that had each of these angles was then computed per sample per image. All cells in the center of the hypocotyl that were clearly visible in all of the images were used. To aid visualization, we classified the cells as having an average angle of closer to 0 , 45 or 90 and then computed the percentage of cells in each category per time point. Cells that had an anisotropy less than the mean value for the sample -one standard deviation were not included in the analysis of percentage cells. The data was transformed so that all values were between 0 and 90 so that averages could be used. This transformation enables us to focus on microtubules being aligned or perpendicular to the axis of stress but treats microtubules that are + 45 or - 45 as equivalent. For the analysis of the microtubules of the inner layers a rolling ball background subtraction was performed (size = 30). The stack was resliced if it was not aligned with the z axis. A grouped Z projection was performed using 15 slices (1.2-1.8 mm). The slices were then analyzed using Fibriltool [31] , and the data was analyzed as before. The anisotropy threshold was removed, for the inner layers.
Strain measurements
The strain was computed by following cell vertices in the image projections using the point tracker as in Kuchen et al. [55] . To enable comparisons to be made between the different treatments which were not imaged at exactly the same time, or that contain missing values, the missing values were estimated by interpolating between the data points using the approx function in R.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis was performed in R. Statistical significance was tested using the standard Welsh t test. The sample sizes and p values are reported in the figure legends.
